In wilted barley leaves, betaine accumulates at about 200 nanomoles per 10 centimeters leaf per day. Results with "C-labeled precursors were qualitatively and quantitatively consistent with de novo synthesis of this betaine from serine via ethanolamine, choline, and betaine aldehyde and indicated that water stress may increase the activities of all steps in this pathway except the last. Doses (1 micromole) of each "C-labeled precursor were supplied as droplets to the tips of attached, 10-centimeter, second-leaf blades of turgid and wilted plants, and the Incorporation of "C into betaine was followed.
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From the rates of betaine labeling, estimates were made of the potential capacities (nanomoles per 10 centimeters leaf per day) for the methylation and oxidation steps. Labeling of betaine from I'4Clcholine, 114Clethanol-amine, and I'4Clserine was about 7-to 10-fold greater in leaves wilted for 2 days than in turgid leaves, whereas label from I'4Clbetaine aldehyde appeared in betaine at about the same rate in both turgid and wilted leaves.
In leaves wilted for 2 days, the potential capacities for converting I'4C1-ethanolamine, I14Clcholine, and 114Clbetaine aldehyde to betaine aln approached or exceeded the rate of betaine accumulation (about 200 nanomoles per 10 centimeters leaf per day); in turgid leaves, only the potential for converting betaine aldehyde to betaine exceeded this rate. The rate of conversion of I'4Clethanolamine to betaine increased 4-fold after 6 to 10 hours of wilting, which was soon enough to account for the onset of betaine accumulation.
quences of, betaine accumulation.
Qualitative evidence, based mainly on the metabolism of tracer amounts of ['4C ]formate in detached barley leaf tissue (4) , showed that the betaine which accumulated in wilted leaves probably did so as a result of complete de novo synthesis from 1-and 2-carbon precursors (steps b through f in Scheme 1). The pathway of Scheme 1 was first demonstrated in plants by Delwiche and Bregoff (2), using unstressed leaf tissue of Beta vulgaris. It is not clear whether this pathway in plants involves the free bases themselves (R = H) or some bound forms of these compounds 0 1 1 (R = P -OR') (21) . Betaine (N,N,N-trimethylglycine) occurs in turgid leaves of cultivated barley, wheat, and rye and of their wild relatives, at a concentration of about 20 Amol/g dry weight; the betaine concentration increases severalfold in most of these plants upon moderate water stress (4, 8, 22) and upon salination (15, 22) . Betaine is also found in several wild salt-marsh plants, but at far higher concentrations (-400,mol/g dry weight under saline conditions), and for such halophytic species betaine is very likely of adaptive significance, perhaps as a cytoplasmic osmoticum (e.g. refs. 16 and 23) . Are In the work reported here, we used attached leaf tissue; we sought to confirm the operation of the entire pathway (steps a through f) in stressed leaves, and to find which of the steps increase in activity during stress. (6) . The l-,umol dose of "C-labeled precursor, dissolved in 3 1l K-phosphate (20 mm, pH 7.0), was applied to the cut end of the 10-cm blade. The 3-,ul drop was drawn into the leaf within 2 to 10 min, after which time the cut blade end was sealed with Vaseline. Barley plants were incubated with "C-labeled precursors in the growth chamber during the light period for up to 9 h, and then the 10-cm second-leaf blade sections were harvested for extraction. Experiments with rice were similar, except that later leaves (four to six) were fed.
MATERIALS AND METHODS

Plant
The amounts of "C-labeled precursors remaining in the free space of barley leaf blades were checked after I h of incubation as follows. The 10-cm blade sections were cut off, sliced into 5-mm segments, and shaken for 10 min in 10 ml of a 1 mm solution of the appropriate unlabeled precursor. Samples (0.1 ml) were taken at intervals for scintillation counting. In all experiments, blanks (containing unlabeled blades to which I imol of '4C-labeled precursor had been added immediately before extraction) were included as checks for chemical degradation of the "C-labeled precursors during processing, particularly for any oxidation of choline and betaine aldehyde to betaine. The above procedures resulted in very little degradation of "C-labeled precursors, and the amount of 14C activity in betaine that could be ascribed to chemical oxidation was negligible.
Chemical Analyses. Betaine was assayed by the combined ionexchange/pyrolysis-GC method described elsewhere (8) . Ethanolamine was determined by isotope dilution, by using an addendum of 10 nCi ['4Clethanolamine (44 mCi/mmol)/leaf blade. Blade tissue was extracted in MCW, and the aqueous phase was passed through a 1-ml column of AG 1-OH-to remove amino acids. The eluate from this column then was subjected to TLE on ITLC, as above. The ethanolamine zone was located by autoradiography and eluted from the ITLC strips (6) . The "C content of eluates was found by scintillation counting, and the amine content was estimated with the Folin reagent (1).
Identification and Determination of "C-labeled Metabolites.
Radioactive products were located on TLE plates by autoradiography and identified by reference to authentic marker compounds. The "C activity in TLE plate zones was determined by cutting out (ITLC) or scraping off (cellulose) the zones, shaking them in scintillation vials with I ml 30o (v/v) ethanol for 5 min, followed by scintillation counting in a dioxane-based scintillant (10 ml In principle, an estimate of the in vivo potential of any step in a biosynthetic pathway can be made by supplying the appropriate "C-labeled reactant at known specific radioactivity and measuring the incorporation of "C into the product of that step and/or subsequent steps in the path. To make such estimates for the steps of betaine biosynthesis in attached leaf tissue, both general and special conditions must be met. The general conditions include: (a) that addition of the "C-labeled precursor not perturb the metabolism of the leaf; (b) that the 'C-labeled precursor mix freely with endogenous pools of precursors and that the sizes and turnover rates of such endogenous pools not appreciably reduce the specific radioactivity of the added "C-labeled precursor during the experiment; (c) that the immediate product of the "C-labeled precursor be further metabolized only by subsequent steps in the pathway and that the final pathway product (betaine) behave as an unmetabolized end product. Conditions and wilted blades was attributable mainly to migration of part of the fed 3-,ul droplet down the xylem to nonharvested parts (7). Loss of "4CO2 and "C-labeled amines was negligible.
Free Pools of Endogenous Precursors. The contents of serine, ethanolamine, and choline fell within the range 0.04 to 0.18 ,umol/ 10 cm leaf for turgid and wilted barley leaves (Table I) . Betaine aldehyde could neither be detected chemically after TLE (Table  I) Because the endogenous levels of the precursors were generally below 0.1 ,umol/ 10 cm leaf, a standard dose of I ,tmol was chosen for added "C-labeled precursors. A I-,umol dose of "4C-labeled precursor never caused visible damage nor gave rise to 14C-labeled products, unlike those observed when only a tracer amount of "Clabeled precursor was fed. In the cases of ethanolamine, choline, and betaine aldehyde, turnover of the endogenous pools was fairly slow. With these precursors, 30 to 70%o of the added l-,mol dose of "4C-labeled precursor remained unmetabolized in the second Figure 2B , and in one similar to that of Figure 3A , the shoot tissues remaining after removal of the second leaf blades were taken at the 3-h and 9-h harvests for [ These estimates of potential capacity, and those made below with other "'C-labeled precursors, are minimum estimates insofar as they assume specific radioactivities of endogenous precursors of betaine equal to that of the fed "'C-labeled precursor. Although the rate of ["'Cibetaine synthesis declined with time, and more sharply so in the unstressed leaves, it never fell below the equivalent of 350 nmol/10 cm leaf-day. There is an in vivo potential for betaine aldehyde oxidation in unstressed leaves which is sufficient to account for betaine accumulation upon wilting; there is little increase in this potential in wilted leaves. It follows that the potential for betaine aldehyde oxidation is unlikely to limit betaine accumulation in barley.
The potential for oxidizing betaine aldehyde was sought also in turgid and wilted leaves of rice, a cereal which contains very little betaine before or after wilting (8) . After a 9-h incubation with I ,umol betaine aldehyde, oxidation was not detectable in turgid leaves and was only just detectable in wilted leaves, at a rate corresponding to less than 100 nmol/10 cm leaf day. This suggests that the in vivo betaine aldehyde-oxidizing potential of barley is physiologically significant to betaine accumulation and is not merely a nonspecific aldehyde oxidase active against applied substrates.
Metabolism of Imethyl-"4ClCholine. When I ,umol ["'Cicholine was supplied to turgid and wilted leaves, the two main H20-soluble metabolites were betaine and phosphorylcholine. Wilting had little effect on '4C incorporation into phosphorylcholine (not shown) but increased 14C incorporation into betaine markedly (Fig. 2B) . In turgid leaves, the rate of [14Cibetaine synthesis was low and fairly constant throughout the incubation and corresponded to about 35 nmol/10 cm leaf-day. In wilted leaves, the rate of ["4C]betaine synthesis rose during the incubation from 200 to 350 nmol/10 cm leaf-day. In similar experiments with turgid and wilted rice leaves, no oxidation of choline was detected after 9 h incubation, implying that the choline-oxidizing potentials measured in barley were physiologically significant.
The in vivo potential for choline conversion (via betaine aldehyde) to betaine appears adequate in wilted barley leaves to support betaine accumulation but inadequate in turgid leaves. The oxidation of choline to betaine aldehyde, therefore, could be one stress-sensitive control point in betaine biosynthesis. a Recovery of applied 14C from TLE plates averaged 88%; the named TLE plate zones are arranged in order of decreasing mobility, from ethanolamine (highest) to betaine (lowest). h Other products (not identified) included one migrating slightly ahead of betaine, and at least two products that remained close to the origin, in the region in which phosphorylated bases ran. ' Betaine aldehyde shown to be absent by TLE in cellulose/Na-tetraborate system. (Table II) . Potentials for methylating ethanolamine, therefore, may be assigned minimum values of about 50 and 180 nmol/ 10 cm leaf. day for turgid and wilted plants, respectively. From the sizes of free choline pools (Table I) , from the incorporation of ''C from ["Clethanolamine into free choline (Table   II) and into betaine (Fig. 3A) , and from the rate of betaine accumulation (Fig. 4B) wilted leaves, <0.5% remained as free serine after only 3 h; during this time, a number of compounds of intermediary metabolism became labeled (e.g. aspartic acid, glutamic-acid, and organic acids). The rapid disappearance of 14C from free serine can account for the halt in [ Clbetaine synthesis after 6 h (Fig. 3B) .
Betaine Accumulation and I''ClEthanolamine Metabolism after Various Periods of Stress. If the de novo synthesis pathway is to account for betaine accumulation during stress, and if the potentials of several of the pathway steps are indeed too low in turgid leaves to support the necessary flux of intermediates, then the potentials of such limiting steps should increase during stress and should do so no later than at the onset of betaine accumulation.
To test this prediction, the rate of [14Clethanolamine conversion to betaine was determined at various times during a wilting treatment and compared with the chemically determined time course of betaine accumulation in the same leaf samples (Fig. 4) . Betaine accumulation began within the first day of stress, and continued until the third day (Fig. 4B) . The potential for converting ["4Clethanolamine to betaine (Fig. 4A) increased only slightly during the first 6 h of wilting but rose markedly during the subsequent 4 h; this potential reached a maximum after 2 to 3 days of stress and was variable, but still quite high, on the 4th day of wilting, when betaine accumulation had stopped (Fig. 4B) ["Clbetaine synthesis are in units of nmol/10 cm leaf day. pathway during wilting and also suggest that the supply of substrates for the pathway, rather than failure of any of the enzymic steps, may restrict betaine accumulation during severe stress.
SUMMARY AND CONCLUSIONS
The scheme of Figure 5 offers a simplified but quantitative description of changes in the de novo synthesis pathway which could account for the accumulation of betaine in wilted leaves. This scheme also contains two features which are more speculative.
First, derivatives of serine, ethanolamine, and choline (-0 suffix) are shown as the reactants and products for the decarboxylation and methylation steps. This feature could be included on the grounds of comparative biochemistry alone (e.g. ref. 13 ), but there is also some experimental evidence to support it. Although the absorption of all "C-labeled precursors was almost complete after I h (Fig. IA) , only with ["Cibetaine aldehyde ( Fig. 2A) was there no tendency for an initial lag phase in the rate of ["Cjbetaine synthesis; such lags were particularly clear with ["Clethanolamine (Fig. 3A) . A lag could reflect the time required for a pool of an intermediate (e.g. ethanolamine-Q, Fig. 5 ) to approach the specific radioactivity of the added ''C-labeled precursor. Second, perhaps exogenous ['4C]choline enters that pool of free choline which is destined for oxidation to betaine aldehyde principally by way of choline-E. This speculation arises (a) because the time course for [''Cicholine conversion to betaine showed a definite lag in wilted leaves (Fig. 2B ) and (b) because equilibration between the bulk of the endogenous free choline and the choline destined for oxidation was probably slow (see "Metabolism of [2-''C]Ethanolamine," above).
The details of the biosynthetic pathways for the free bases ethanolamine and choline are not well known in plants. In mammals and bacteria, the decarboxylation of serine and the methylations of ethanolamine take place with the substrate in ester linkage as part of a phosphatide, and are catalyzed by membraneassociated enzymes (e.g. refs. 13 and 19). Available evidence suggests a similar chain of reactions in plants (9, 11, 17, 20, 21) . It is possible that -® in Figure 5 is a phosphatidic acid residue and that the increased rate of betaine synthesis during stress accompanies accelerated turnover of the base moieties of phospholipids in cell membranes. 
